The ability of either glucose or D-lactate to energize active transport of amino acids in E. coli was studied in starved cells blocked at specific sites of energy metabolism. Proline uptake could be driven by either oxidative or substrate-level processes. The oxidative pathway was sensitive to cyanide but not to arsenate, and operated normally in a mutant deficient in the Ca, Mgdependent ATPase. The substrate-level pathway, which was active with glucose but not with D-lactate as the carbon source, was sensitive to arsenate but not to cyanide, and required a functional ATPase. Uncouplers prevented the utilization of energy for proline uptake by either pathway.
Early investigations of bacterial active transport have implicated the high-energy phosphate bond in the energycoupling process (1, 2) . Recent evidence, however, suggests that the role of ATP is probably indirect. The extensive studies of Kaback and his colleagues (3) demonstrated that membrane vesicles incapable of oxidative phosphorylation can still use respiration to drive the uptake of a wide variety of amino acids and sugars. Klein and Boyer recently showed (4) that aerobic proline transport in intact cells of Escherichia coli is retained under conditions where intracellular ATP and phosphoenolpyruvate levels are drastically reduced by arsenate. Furthermore, a functional Ca,Mg-dependent ATPase is not required for aerobic accumlation of thiomethylgalactoside (5) or proline (4, 6) , confirming that transport can proceed independently of oxidative phosphorylation.
While it is clear that the respiration-linked uptake of certain substrates does not involve the formation or use of high-energy phosphates, these same transport systems can apparently be energized by an alternate nonoxidative mechanism that uses ATP. E. coli is able to accumulate various substrates anaerobically (4, 7) , and it has been shown for proline that anaerobic uptake is abolished by arsenate (4) . The essential role of the Ca, Mg-ATPase in the use of ATP for transport is inferred from the sensitivity of anaerobic proline accumulation to the ATPase inhibitor NN-dicyclohexylcarbodiimide (4), as well as from the loss of cyanide-resistant thiomethylgalactoside uptake in an ATPase mutant (5) .
Energy for active transport can thus be derived independently from either respiration or ATP hydrolysis. The observations (4, 7) that uptake driven by either pathway is sensitive to uncouplers of oxidative phosphorylation has led several workers (4) (5) (6) (7) (8) to propose that a high-energy membrane state is the immediate energy donor for bacterial transport, though other models have recently been formulated (3, 9) . Since this conclusion is based upou studies with only a few uptake systems, it is necessary to identify the energy donors for the active transport of other metabolites before any generalizations can be applied.
In this study, the ability of different carbon sources to provide energy for active transport 
RESULTS
Starvation of the Cells. To study transport driven by a particular carbon source, endogenous energy stores must be sufficiently low so that the bulk of the measured uptake is supported by the added compound. In Table 1A , I show that the endogenous rates of proline uptake in unstarved cells were so high as to partially or completely mask the effects of glucose or D-lactate. Glutamine uptake in the absence of added carbon source was not as high, suggesting that the two transport systems might be using different energy stores.
Several starvation methods were examined for their ability to deplete endogenous energy reserves. Vigorous overnight aeration of the cells at 370 in the presence or absence of thiomethylgalactoside failed to reduce endogenous rates of proline transport significantly. Incubation with a-methylglucoside in the presence of sodium azide (14) was more effective, though the inhibitory effects of azide on transport could not be completely reversed by washing. The most satisfactory results were obtained with the uncoupler dinitrophenol. Table 1B shows that incubation of ML 308-225 with 5 mM dinitrophenol for 10 hr at 370, followed by extensive washing, reduced the endogenous rates of proline uptake sufficiently to permit large stimulations by added energy sources. Furthermore, the transport rates in the presence of glucose and D-lactate were very similar to those observed with unstarved cells (Table 1A) .
DL-54 was much more sensitive to this starvation procedure than the wild type. Incubations as short as 30 min greatly reduced endogenous rates of proline uptake in this strain, while they had little effect on ML 308-225. If the dinitrophenol treatment was continued beyond 2 hr with the mutant, endogenous uptake rates were reduced below detectable limits, but the rates with added energy sources also began to decline. A 1-hr incubation was therefore chosen for D1h54, since as shown in Table 1B , endogenous proline transport was adequately depleted and the rates of glucose-and Dlactate-supported uptake of both proline and glutamine were similar to those in unstarved cells.
The dinitrophenol starvation procedure thus permitted assessment of the ability of different energy sources to stimulate transport, and starved cells were used in the remainder of the experiments.
Transport in DL-54. The membrane-bound Ca, Mg-ATPase is believed to catalyze the reversible interconversion of ATP and the energized membrane state (15) . Table 1B shows that loss of this activity by mutation had marked effects on transport, but only under certain conditions. In wild-type cells, D-lactate supported a relatively high rate of glutamine uptake, while in DL-54 this uptake was greatly impaired. D- Lactate-driven proline transport, however, was nearly identical in the two strains. Phosphorylation is thus necessary for glutamine, but not for proline, uptake.* With glucose as the carbon source, glutamine transport in DL-54 was nearly identical to that in the wild type (Table 1B) . Energy derived from glycolysis can thus drive glutamine uptake in the absence of the Ca, Mg-ATPase. Glucose-driven proline transport was only partially reduced in DI54 (Table 1B) .
In the remaining experiments, the effects of various metabolic inhibitors were examined to see whether they support the interpretation that phosphate-bond energy can directly drive glutamine transport, and to distinguish whether respiration per se or the energized membrane state derived from it (or from ATP hydrolysis) is the primary energy donor for proline uptake.
The Effects of Cyanide. Inhibitors of respiration would be expected to block uptake processes under conditions where energy is derived from electron transport, but should have relatively little effect on transport supported by substratelevel phosphorylations. Fig. 1 shows that this was indeed the case. Cyanide abolished D-lactate-driven proline uptake in both the wild type and the ATPase mutant, while glucosedriven proline uptake in ML 308-225 was only partially sensitive. Furthermore, cyanide completely inhibited glucosesupported proline transport in DL-54. Thus, in contrast with findings in membrane vesicles (3), proline uptake in whole cells can occur in the presence of high levels of cyanide. This process requires a nonoxidative pathway for ATP formation (glycolysis), as well as a functional Ca, ltg-ATPase for generation of the energized membrane state from ATP. The need for the ATPase for energy coupling in the absence of electron transport has been noted for the uptake of proline (4) and f-galactosides (5) .
As shown in Fig. 1 , D-lactate-driven glutamine uptake was completely inhibited by cyanide. Glucose, on the other hand, supported a substantial rate of cyanide-resistant glutamine transport. Utilization of this energy did not require the Ca, Proc. Nat. Acad. Sci. USA 70 (1973) Mg-ATPase, since DL-54 displayed a comparable level of glucose-dri ven glutamine uptake in the presence of cyanide. This result supports the view that phosphate-bond energy can directly drive glutamine transport.
The Effects of Uncouplers. Uncouplers of oxidative phosphorylation dissipate the energized membrane state and would thus be expected to inhibit those transport systems that use this state directly as a source of energy. Systems driven directly by phosphate-bond energy should be strongly inhibited under conditions where oxidative phosphorylation is the primary source of ATP, but should be relatively resistant where substrate-level phosphorylation is the major source. As shown in Fig. 2 , proline uptake driven by glucose or Dlactate was abolished by the uncoupler FCCP in both ML 308-225 and DL-54. Glutamine uptake with D-lactate as the energy source was also quite sensitive. As expected, however, glucose was able to support a substantial rate of glutamine transport in DL-54 in the presence of high levels of FCCP, again implicating a direct role of phosphate-bond energy in this uptake system. FCCP had more drastic effects on glucosedrive glutarnine uptake in ML 308-225 than in DL-54. This finding likely reflects the ability of uncouplers to enhance the hydrolytic activity of the ATPase, a phenomenon known to occur in both mitochondria (17) and chloroplasts (18) .
As shown in Fig. 3 The effects on proline transport were much less severe (Fig.  4) . With glucose as the energy source, a significant portion of proline uptake in ML 308-225 was inhibited by arsenate, whereas in DL-54, which presumably cannot form the energized membrane state from ATP, arsenate had no effect.
Furthermore, glucose-driven proline uptake in the wild type in the presence of arsenate was nearly completely abolished by cyanide (Fig. 5) . This result confirms the suggestion that the cyanide-insensitive component of proline transport in ML 308-225 (see Fig. 1 ) is energized by the hydrolysis of glycolytic ATP. Klein and Boyer reached similar conclusions of the basis of the oxygen requirement for arsenate-resistant proline accumulation (4). As expected, arsenate had only minor effects on -lactate-driven proline uptake (Fig. 4) .
DISCUSSION
The data presented here are consistent with the scheme shown in Fig. 6 . Energy for proline transport can be derived from either electron transport or glycolysis. The oxidative pathway is sensitive to cyanide and uncouplers, does not require the Ca, Mg-ATPase, and is resistant to arsenate. The cyanideresistant component is abolished by both uncouplers and arsenate, and requires an active ATPase. The two pathways converge in the presence of the Ca, Mg-ATPase to generate the energized membrane state that can drive proline uptake.
In contrast, glutamine transport is apparently driven directly by phosphate-bond energy, which can be formed by either oxidative or substrate-level processes. The oxidative pathway is sensitive to cyanide and uncouplers, but in contrast to proline, requires the Ca, Mg-ATPase. The glycolytic portion is resistant to cyanide and uncouplers, and does not require the ATPase. Arsenate prevents the utilization of energy for glutamine uptake by either pathway, presumably by preventing the synthesis of ATP.
A major portion of glucose-supported glutamine uptake in DL-54 is sensitive to both cyanide ( Fig. 1) and uncouplers (Figs. 2 and 3) . It is unlikely that this sensitivity represents side effects of these reagents on the formation of glycolytic ATP, since the inhibitions plateau with increasing inhibitor concentrations, and the effects are observed with the chemically dissimilar reagents, cyanide, FCCP, and dinitrophenol. Nor does this resistant uptake seem to reflect a component of transport driven directly by the energy-rich membrane state, since D-lactate-driven glutamine uptake in DL-54 is extremely low under conditions where this carbon source can support a full level of proline transport (Table 1B) reasonable explanation is that the cyanide-and uncouplersensitive component of glucose-driven glutamine uptake in DL-54 arises from a quantity of ATP formed by oxidative phosphorylation via residual ATPase activity in the mutant. Indeed, n-lactate is able to stimulate glutamine transport in DL-54 slightly (Table 1) . If the ATP requirements for maximum uptake are small, it is possible that a low rate of oxidative phosphorylation could provide enough ATP to support a substantial level of glutamine transport with glucose, but not with n-lactate, as the carbon source.
Simoni and Shallenberger (6) have reported that in membrane vesicles; the transport of proline and alanine driven by n-lactate is markedly reduced in DL-54. These findings led Hong and Kaback (9) to suggest that this strain might possess a secondary or polar mutation affecting an energytransfer coupling locus, an interpretation that seems unlikely in view of my finding that intact cells of DL-54 show normal lactate-supported proline transport. An alternative explanation for the defect in vesicles is provided by the recent b:g An, 5 10 KCN (ff) The difference in the mode of energy transduction for glutamine and proline uptake raises the possibility that these two uptake processes proceed by entirely different molecular mechanisms. Mitchell has suggested (21) that an electrochemical potential created by the extrusion of protons during either respiration or ATP hydrolysis can serve as the driving force for the transport of nonelectrolytes in bacteria. The finding that entry of lactose into E. coli is accompanied by the influx of protons (22, 23) lends support to this concept.
A potential gradient model could equally apply to proline transport, though alternative hypotheses are certainly possible. Similarly, several models could explain how phosphatebond energy drives glutamine uptake. Direct phosphorylation of the carrier molecule, a mechanism that has been elaborated for sodium uptake in erythrocytes (24) , is an attractive hypothesis that is currently being explored. E. coli MOX19, which is unable to transport substrates of the phosphoenolpyruvate-phosphotransferase system (25) , has normal glutamine uptake.
Another question that obviously arises is the identity of the energy donors for the myriad of different permeases in bacteria. In general, it has been observed (26) that aminoacid uptake systems in E. coli fall into at least two broad categories, those whose activities are sharply reduced by osmotic shock and those that are more tightly associated with the plasma membrane. The glutamine permease is a well-characterized shock-releasable system whose activity depends upon a periplasmic binding protein (27, 28) . By contrast, proline uptake is resistant to shock (26) , and the corresponding binding protein is extracted from the membrane only with difficulty (29) . Membrane vesicles display very active uptake of proline, but not of glutamine (30) . Preliminary evidence from this laboratory indicates that other aminoacid transport systems associated with shock-releasable binding proteins derive energy directly from the high-energy phosphate bond, whereas other tightly-bound systems are coupled to the energized membrane state. In addition, I have observed (unpublished information) that the tightly-bound aminoacid permeases are irreversibly inactivated by the sulfhydryl reagent N-ethylmaleimide, consistent with findings in membrane vesicles (3) . Shock-releasable systems are much less sensitive to this inhibitor. The difference in behavior of various systems towards osmotic shock, which has long been a source of confusion and controversy for workers in this field (26) , may thus reflect a fundamental mechanistic difference between these two classes of uptake systems.
Note Added in Proof. B. P. Rosen has found (personal communication) that proline uptake in membrane vesicles from strain NR 70, another ATPase mutant, is markedly stimulated by N,N-dicyclohexylcarbodiimide. I have made similar observations in DL-54 (unpublished information), consistent with the hypothesis that the transport defects in vesicles from this strain are due to loss of the Ca,Mg-ATPase (and its structural function) during vesicle preparation.
